ABSTRACT Ca added to the solution bathing the outside of isolated frog skin causes a decrease in net Na transport across the skin while antidiuretic hormone (ADH) causes an increase. Possible interrelations between the effects of these agents have been examined. The decrease in Na transport caused by Ca was the same before and after treatment of the skin with ADH and the increase in transport caused by ADH was unaffected by the presence of Ca. The relationship between Ca concentration and degree of inhibition of Na transport was not appreciably altered by ADH. These results indicate that Ca and ADH do not compete but act independently at two different sites and these sites appear to be located on the same barrier to Na movement in the skin. Further, Ca causes a decrease in C1 influx across the short-circuited skin but ADH has no effect on C1 movement, again suggesting that the actions of these agents are independent.
the effects of these agents. Both Ca (4) a n d A D H (5, 6) are k n o w n to alter the rate of active N a transport across the isolated frog skin, but the m e c h anisms involved are unclear. In an a t t e m p t to gain further insight into the m o d e of action of these agents, experiments have been carried out to examine possible interrelationships between t h e m in their effects on the Na transport system of frog skin.
M E T H O D S
The skin of Rana pipiens was mounted between lucite chambers as a flat sheet having an area of 7.1 cm ". Many of the experiments required the use of paired skins obtained from the same frog by splitting the skin longitudinally along back and abdomen to yield two pieces as nearly symmetric as possible. The chambers employed were equipped with two sets of electrodes and were similar in design to those described by Ussing and Zerahn (6) . The electrical potential difference across the skin was measured with a pair of calomel electrodes and a Keithley model 610 A electrometer. Current was passed through the skin from an external source via Ag-AgCI electrodes and was measured with a Weston microammeter. After mounting in the chamber, the skins were allowed to equilibrate with the bathing solutions for at least 1 hour and were then short-circuited (6) . Throughout the experiments, the short-circuit current has been taken as a measure of net Na transport across the skin. Previous investigations have indicated that this current is equal to the net Na flux when the skin is treated with ADH (6) or Ca (4) as well as under control conditions (6) .
The skins were initially bathed on both sides with a Ringer's solution containing 92 mM NaC1, 23 m~ choline chloride, 2.4 mM NaHCO3, and 2 mM KC1, but no added Ca. The effect of Ca on short-circuit current was tested by increasing the Ca concentration in the outside bathing solution only. The Ca content of this solution was altered, without changing the Na or C1 concentrations, by replacing part or all of the choline chloride by CaC12. The usual Ca concentration employed was 11.3 mM, but in one series of experiments, the effects of several different Ca concentrations were tested on the same skin using the method previously described by Curran and Gill (4) . In all experiments, the Ca-free control solution bathing the outside of the skin contained 0.5 mM ethylene diaminetetraacetate (di-Na salt) as previously reported (4) . Commercial ADH (Pitressin, Parke, Davis and Co.) was added to the inside bathing solution, usually at a concentration of 0.25 U/ml.
In some experiments, unidirectional influx of C1 across the skin was measured using CP 6. Tracer was added to the outside solution and samples were withdrawn periodically from the inside solution. The samples were dried on aluminum planchets and counted on a windowless flow counter. Control flux was measured for two 30 minute periods, either Ca or ADH was then added as described above, and flux was measured for two 30 minute periods.
R E S U L T S

A N D D I S C U S S I O N
The initial series of experiments tested the effect of a single Ca concentration (l 1.3 raM) on Na transport in the prescnce and in the abscncc of ADH. Since The results of these experiments appear to suggest an important difference in the effect of A D H on toad bladder and frog skin. Experiments on toad bladder (7) have indicated that Ca must be present in the bathing solutions in order to obtain any increase in short-circuit current upon addition of ADH, while in the present experiments on frog skin, appreciable effects of A D H have been observed in the absence of Ca. However, this discrepancy may simply be a reflection of the difference in function of the bladder and the skin in Ca-free solutions. In the bladder, removal of Ca from the bathing solutions causes a decrease in short-circuit current (7). O n the other hand, the frog skin appears to retain sufficient Ca for normal function when bathed with nominally Ca-free solutions (4), although a decrease in Na transport does occur if a chelating agent is added to the inside solution under these conditions (8) . Thus, we cannot conclude that the effect of A D H is completely independent of Ca in the skin, since the skin appears to retain sufficient Ca for normal function in the absence of this ion in the bathing solutions. In fact, some experiments carried out in the present series have suggested that there m a y be a Ca requirement for A D H action in the skin. The results presented in Table II were obtained during the winter at a time when A D H was found to give a sustained increase in Na transport. A similar series was attempted in late spring, and the effect of A D H was found to be quite transient. Addition of the hormone caused the usual increase in current, but current fell rapidly again, usually to a level below that before addition of the hormone.
In 5 experiments, some differences were observed between control and Catreated skins. The effect of A D H was definitely more sustained in Ca-treated skins and current did not fall below the control level. There is, at present, no adequate explanation for this observation, but it m a y reflect a relative deficiency of Ca in some critical region of the skin. The results of these experi- Under the more optimal conditions of a sustained A D H effect, Ca and A D H appear to act independently in altering Na transport across the skin. However, these experiments cannot be considered an adequate test of possible interrelationships, particularly since they are based on only one concentration of each agent. In fact, the results presented in parts of Fig. 1 and Tables !  and II taken by themselves, might suggest the existence of competition between Ca and ADH. Thus, addition of Ca to the solution bathing the outside of a skin treated with A D H causes a decrease in Na transport, an apparent reversal of the A D H effect. Conversely, addition of A D H to a skin treated with Ca causes an increase in transport apparently reversing the original Ca
T A B L E I I E F F E C T OF A D H ON F R O G S K I N T R E A T E D W I T H Ca
inhibition. However, the observation that the magnitude of the change in Na transport caused by one agent is not altered by the presence of the other does not seem to be consistent with a competition. In order to test for competition more directly, a series of experiments were carried out in which various Ca concentrations were studied in the presence and absence of ADH. In each experiment the effects of 5 different Ca concentrations were tested on paired skins from the same frog. One piece of skin served as a control while the other was treated with A D H throughout the experiment. The results can be most conveniently expressed in terms of the The effect of Ca approached a maximum with increasing concentration in both control skins and in those treated with ADH. As previously discussed (4) this indicates that the total Na transport can be divided into two parts, one sensitive to Ca and one insensitive to Ca. To compare properly the effect of Ca in the two cases, only the Ca-sensitive portion of the current should be considered since the maximum possible inhibition is different for the different conditions. The results may then be summarized in terms of the fractional inhibition of the Ca-sensitive portion of the current (a') which is defined by the relationship
in which I~ is the Ca-insensitive part of the current and a~ is the maximum value of a at high Ca concentrations. As discussed by Curran and Gill (4) the value of am m a y be obtained from the intercept of a plot of the reciprocal of a against the reciprocal of the Ca concentration and the values of a ' at each Ca concentration m a y then be calculated from the above relationship. The values of a' thus obtained are shown in Fig. 3 as functions of the Ca concentration. There is no significant difference between the points for control skins and those treated with ADH, indicating that the two agents do not compete. If there were any significant competition between Ca and A D H for the same site of action, the points for ADH-treated skins would be shifted toward the right relative to the points for control skins. The absence of competition was confirmed in 4 experiments which were carried out to examine the influence of different A D H concentrations. Paired skins were again used; both were treated with a much lower A D H concentration (0.005 U / m l ) than in previous experiments and one skin was then treated with 11.3 mM Ca. Finally, additional A D H (0.1 U / m l ) was added to both skins. The averaged results of these experiments are presented in Fig. 4 . The initial A D H treatment produced nearly maximal effect on Na transport and transport decreased upon addition of Ca. A considerable increase in A D H concentration failed to produce a significant reversal of the Ca inhibition again indicating that there is no competition between these agents.
The results presented in Figs. 3 and 4 show that Ca added to the outside solution and A D H added to the inside solution m u s t affect Na transport at different sites since there is no competition between them. The results presented in Tables I and II also indicate that the action of each agent is entirely independent of the presence of the other. This indicates that Ca does not affect the ADH-stimulated part of the Na transport and, conversely, that
ADH does not alter that portion of the transport which is sensitive to Ca. For example, if Ca were altering the ADH-stimulated part of the transport, it should have a greater effect on ADH-treated skins than on control skins, but the data in Table I indicate that the effect is the same in both cases. This independent nature of the two effects offers additional information concerning the arrangement of sites of action on the over-all path of Na transport through the skin. These sites could be arranged in parallel or in series; a parallel arrangement would indicate that both sites were on the same barrier to Na movement while a series arrangement would imply different barriers. series, the ADH-stimulated portion of Na transport would necessarily be sensitive to treatment of the system with Ca, and the agents would not appear to act independently even if there were no direct competition between them. This conclusion suggests that the sites of action of Ca and A D H on Na transport must both be located on the same barrier to Na movement but, as discussed above, there must be two separate sets of sites. These conclusions apply only to Na transport and not necessarily to the effects of Ca and ADH on the movement of other substances across the skin. Peterson and Edelman (2), in their studies of the effects of Ca and ADH on water permeability of the toad bladder, have obtained results indicating a competition between these agents. The difference between these results and the present ones could be ascribed to differences between the frog skin and toad bladder or to the fact that Peterson and Edelman studied the effect of Ca added to the serosal (or inside) solution rather than to the outside as in the present experiments. O n the other hand, an equally possible explanation is suggested by the observations of Bourguet and Maetz (9) who have obtained evidence indicating that the effect of A D H on water movement across frog skin and toad bladder m a y involve a different mechanism than its effect on Na transport. The observation of a competition between Ca and A D H in effects on water movement across toad bladder but not on Na transport across frog skin may be a reflection of different mechanisms of action in the two cases. M e a n 4.sz O. 104-0.01 0.064-0.01 0.094-0.01 0.094-0.02 * I n these e x p e r i m e n t s Ca decreased m e a n n e t N a flux from 1.51 to 1.03 # e q / h r . c m 2 a n d A D H increased m e a n n e t N a flux from 1.51 to 2.22 # e q / h r . e m 2.
Previously reported experiments suggested, however, at least one other case in which the effects of Ca and A D H on frog skin might be independent. Ussing (10) had reported that A D H had no consistent effect on C1 flux across the short-circuited skin, but Curran and Gill (4) found that Ca decreased C1 flux. A series of experiments were carried out in an attempt to confirm these results for Rana pipiens. C1 influx across the short-circuited skin was measured under control conditions and following treatment with either Ca or ADH. The results are summarized in Table III . Ca caused a decrease in C1 influx of approximately the same magnitude as the effect on Na transport as pre: viously reported (4) . ADH, on the other hand, caused no change in C1 flux even though there was an appreciable increase in Na transport. The effects of Ca and A D H on C1 flux are, therefore, markedly different, again suggesting differences in their action on permeability properties. However, similar experiments must be carried out on water movement before any conclusion can be drawn concerning the relationship between the effects of Ca and ADH in this case. The present experiments show only that the two agents do not compete in their effects on Na transport and that they have entirely different effects on C1 diffusion across the skin.
As discussed above, the effects of ADH and Ca on Na transport appear to be located on the same barrier to Na movement even though they are added to the solutions bathing opposite sides of the skin. There appear to be at least two such barriers in the skin (11) (12) (13) , and Koefoed-Johnsen and Ussing (13) have suggested that these are the outward and inward facing membranes of the transporting cells. The present experiments cannot distinguish between effects on these two barriers. However, previous evidence suggests that both Ca and ADH may affect a barrier located at the outer side of the skin. ADH has been shown to alter the permeability of the outward facing membrane of the frog skin to water (14) and the permeability of the analogous membrane in the toad bladder to water, urea, and Na (15, 16). Less direct evidence has led to the suggestion that Ca alters the permeability of the outer membrane of the frog skin to Na, Cl, and water (4, 17) . On the basis of these considerations, a working hypothesis of the mechanism by which Ca and ADH could affect Na transport can be suggested. This hypothesis represents a combination of previous suggestions made by Curran and Gill (4) , Skou and Zerahn (18) , and Leaf (15) and is based on the model of the frog skin proposed by KoefoedJohnsen and Ussing (13) .
We shall assume that both Ca and ADH alter the Na permeability of the outer membrane of the transporting cells which is considered to present only a passive barrier to Na movement. Further, the active transport system itself, assumed to be located at the inward facing membrane, will be considered far from saturated and able to transport whatever Na is presented to it by passage through the outer membrane. On the basis of this model, the decrease in Na transport caused by Ca could be explained by a decrease in Na permeability of the outer membrane which would reduce the rate of Na entry into the transporting ceils. The active transport system itself will not be altered by Ca and its continued function would then reduce the steady state Na concentration in the cell and this, in turn, would lead to a decrease in the rate of active Na transport. Conversely, the effect of ADH could be explained in terms of an increase in Na permeability of the outer barrier followed by an increase in Na entry and in Na concentration in the cells. This would result in an increase in net active Na transport. This hypothesis suggests that the Na permeability of the outer membrane of the skin plays an important role in controlling the rate of net active Na transport across the skin. A similar suggestion has been made by Frazier, Dempsey, and Leaf (16) regarding Na transport across the toad bladder.
The specific mechanisms by which Ca and ADH might alter permeability of the outer membrane are not clear, nor is the relationship between the two sites of action which appear to be located on this barrier. The results of measurements on C1 fluxes suggest that the changes brought about b y A D H occur at a part of the barrier which is not involved in C1 movement. Both sets of sites may be involved in water movement since Ca decreases net water flow across the skin under an osmotic pressure gradient (17) while A D H increases it (19) . At present, there is no evidence indicating whether or not these two parts of the barrier behave differently with respect to Na. The suggestion has been put forward that A D H causes changes in permeability b y increasing the size of pores in the membrane (19, 20) . It is possible that Ca could decrease pore size b y binding and steric hindrance, and some indication of such an effect has been obtained in studies on kidney slices (3) . If this view is correct for frog skin, the pores affected by A D H would appear to be negatively charged since they seem to be impermeable to CI, while those affected by Ca seem to be permeable to both Na and CI.
In conclusion, the present experiments have shown that Ca and A D H do not compete in their effects on Na transport across the frog skin. The sites at which Ca and A D H act appear to be located on parallel paths of Na movement and are apparently on the outward facing permeability barrier of the skin. The effects of both agents could be explained in terms of changes in the Na permeability of this outer barrier with no direct effect on the active Na transporting system itself. The experiments described in the following paper were designed to investigate these suggestions concerning the mechanisms of Ca and A D H action in more detail.
